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An important consequence of gliotransmission, a signaling mech-
anism that involves glial release of active transmitter molecules,
is its manifestation as N-methyl-p-aspartate receptor (NMDAR)-
dependent slow inward currents in neurons. However, the intra-
neuronal spatial dynamics of these events or the role of active
dendrites in regulating their amplitude and spatial spread have
remained unexplored. Here, we used somatic and/or dendritic re-
cordings from rat hippocampal pyramidal neurons and demon-
strate that a majority of NMDAR-dependent spontaneous slow
excitatory potentials (SEP) originate at dendritic locations and
are significantly attenuated through their propagation across the
neuronal arbor. We substantiated the astrocytic origin of SEPs
through paired neuron-astrocyte recordings, where we found that
specific infusion of inositol trisphosphate (InsP3) into either distal
or proximal astrocytes enhanced the amplitude and frequency of
neuronal SEPs. Importantly, SEPs recorded after InsPs infusion into
distal astrocytes exhibited significantly slower kinetics compared
with those recorded after proximal infusion. Furthermore, using
neuron-specific infusion of pharmacological agents and morpho-
logically realistic conductance-based computational models, we
demonstrate that dendritically expressed hyperpolarization-activated
cydlic-nucleotide-gated (HCN) and transient potassium channels play
critical roles in regulating the strength, kinetics, and compartmental-
ization of neuronal SEPs. Finally, through the application of subtype-
specific receptor blockers during paired neuron-astrocyte recordings,
we provide evidence that GIuN2B- and GluN2D-containing NMDARs
predominantly mediate perisomatic and dendritic SEPs, respectively.
Our results unveil an important role for active dendrites in regulating
the impact of gliotransmission on neurons and suggest astrocytes as
a source of dendritic plateau potentials that have been implicated in
localized plasticity and place cell formation.

neuron-astrocyte interaction | NMDA receptors | HCN channels |
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liotransmission, a signaling mechanism that involves glial

release of active transmitter molecules, has been implicated
in the regulation of several neurophysiological processes that in-
clude synaptogenesis, synaptic transmission and plasticity, neuro-
nal excitability, and synchrony (1-3). An important consequence
of gliotransmission is its manifestation as slow inward currents
(SIC), events that are mediated by neuronal extrasynaptic
N-methyl-p-aspartate receptors (NMDAR) and are concomitant
to astrocytic calcium elevations (3-8). Although these well-studied
events have provided us with important insights into tripartite
neuron-astrocyte interactions (1-9), recordings of such SICs have
focused predominantly on the soma despite the dendritic locali-
zation of a majority of synapses (10). Research over the past two
decades has clearly established that dendritic processing critically
contributes to neuronal physiology and is best assessed by direct
dendritic recordings given the localized nature of such processing
(11-15). Importantly, the expression and plasticity of numerous
dendritic voltage-gated ion channels (VGIC) and their nontrivial
contribution to signal integration have emphasized the need to
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map neuronal physiology across the somatodendritic arbor (12-18).
Juxtaposed against this extensive literature on dendritic physiology,
it is surprising that the impact of gliotransmission on neuronal
dendrites and the role of dendritic VGICs in regulating this impact
have remained unexplored.

Although the role of active dendrites in regulating the impact
of synaptic neurotransmission is well established (11-20), direct
extrapolation of these results to gliotransmission is impeded by
differences between synaptic neurotransmission and extrasynaptic
gliotransmission. Specifically, the kinetics of postsynaptic responses
to synaptic neurotransmission are much faster compared with the
kinetics of such responses to extrasynaptic gliotransmission. As the
frequency dependence of passive (14, 21, 22) and active (12, 14, 15,
23, 24) dendritic processing is well established, this difference in
kinetics implies that the role of dendrites and their ion channels in
altering the impact of gliotransmission could be different from how
they alter the impact of neurotransmission. For instance, the spatial
spread of the slower gliotransmission could be larger than that of
faster neurotransmission as the cable length constant drops sig-
nificantly with increase in the frequency of the input signal (22),
implying a much wider reach of glial-origin signals compared
with neurotransmission. Additionally, the density, voltage de-
pendence, and activation/inactivation kinetics of channels in the
dendrites confer frequency-dependent processing capabilities,
thereby allowing differential processing of slow vs. fast signals
(12, 14, 15, 23-26). As several passive and active components
and significant interactions among them contribute to such
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frequency-dependent properties, it is essential to directly assess
the role of neuronal dendrites and their ion channels in the
strength and spread of the impact of gliotransmission. Finally,
as a critical extrasynaptic afferent input that regulates several
aspects of neuronal physiology (1-4, 7-9), the extent of the
spread of gliotransmitter impact is an important parameter that
regulates how these inputs interact and alter synaptic afferents
and other ion channels. Specifically, whereas a spatially wide-
spread impact of gliotransmission would imply a lack of dis-
tinction between different synaptic afferents and their
plasticity, a constriction of the impact of gliotransmission would
mean localized computation that involves only adjacent loca-
tions within the dendritic structure. Together, despite estab-
lished differences between the kinetics of neurotransmission
and gliotransmission, and despite key differences in the specific
physiological roles of gliotransmission that the spatial extent of its
impact would imply, a direct and systematic mapping of the impact
of gliotransmission on neuronal dendrites is essential but lacking.

To fill these lacunae, we systematically mapped somatoden-
dritic response profiles of slow excitatory potentials (SEP, the
voltage counterpart of SIC) mediated by gliotransmitters, using
current clamp recordings along the apical dendritic axis and
paired neuron-astrocyte recordings in the rat hippocampus.
Apart from mapping the spatial dynamics of SEPs, this experi-
mental design allowed us to assess the physiological roles
of dendritically expressed channels and receptors in regulating
the impact of gliotransmission on neurons. Our results show that
dendritic ion channels actively compartmentalize the impact of
gliotransmission on neurons to generate localized dendritic
plateau potentials and provide evidence for a differential in-
volvement of GluN2B- and GluN2D-containing NMDARs
in predominantly regulating perisomatic and distal SEPs,
respectively.

Results

As a first step in assessing the spatial dynamics of astrocyte—
neuron interactions at the single-neuron scale, we recorded
spontaneous SEPs (sSEP) across the somatoapical trunk (up to
~300 pm away from the soma) of hippocampal pyramidal neu-
rons (in brain slices from 5- to 11-wk-old rats, under physiolog-
ical temperatures) with synaptic transmission blocked with
tetrodotoxin (TTX) and fast AMPA/kainate receptors blocked
with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) in a magne-
sium-free extracellular solution. Such systematic mapping would
directly address the question of spatial compartmentalization of
gliotransmitter impact. Specifically, a spatially compartmental-
ized spread of sSEPs would reflect as significantly large events
around locations of origin with a significant reduction in voltages
recorded at other locations. On the other hand, spatially wide-
spread impact of gliotransmission would result in almost equal
amplitude signals across the somatodendritic structure. Using
direct somatodendritic recordings, we found that dendritic sSSEPs
were significantly larger in amplitude, with a fourfold increase in
the peak amplitudes of sSEPs recorded at distal dendritic loca-
tions compared with their perisomatic counterparts (Fig. 1 A-D
and Fig. S1E; perisomatic, 7.4 mV; distal dendrites, 29.5 mV).
This increase in sSSEP amplitude in distal dendritic locations was
accompanied by significant reductions in their rise times and
widths (Figs. 1 E-H and Fig. S1 F-G), together providing evidence
for spatially compartmentalized spread of dendritically originating
sSEPs. The frequency of these events was comparable with fre-
quency of SICs reported in the literature (7, 27) and did not vary
significantly across the somatodendritic axis (Fig. 1/ and Fig. S1H).

Although these results provide functional evidence that a
majority of sSEPs originate at dendritic locations, the somatic
and dendritic recordings were not from the same neuron. To
alleviate this, we performed dual somato-dendritic recordings
from the same neuron with identical recording solutions to those
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above and recorded sSEPs at both a somatic and a dendritic
location on the apical trunk (Fig. S2; ~200 pm away from the
soma). Consistent with our previous conclusion on spatial com-
partmentalization, the amplitudes of sSSEPs simultaneously
recorded at somatic and dendritic locations were not equal, but
exhibited significant variability in how their amplitudes (Fig. S2
C and D) and kinetics (Fig. S2 E-G) were related. We reasoned
that such variability should be expected because of the random
point of origin of sSEPs that could span the entire dendritic
arbor. For instance, if the point of origin of sSSEPs were closer to
the somatic electrode (say, proximal obliques or basal dendrites),
then the amplitude at the somatic electrode would be higher
than at the dendritic electrode. To quantitatively evaluate this,
we used our computational model (see below) to simultaneously
record simulated SEPs at a dendritic (~200 pm from the soma)
and a somatic location, with the point of origin of the SEPs set to
span a large portion of the dendritic arbor. We computed the
ratio of dendritic amplitude to the corresponding somatic am-
plitude for SEPs recorded from our dual experiments and our
simulations. We found that the distributions of this ratio were
not significantly different between experimentally recorded and
simulated SEPs (Fig. S2D), suggesting that the experimentally
recorded SEPs originated from a broad span of the dendritic
tree. Taken together, our results (Fig. 1 and Fig. S2) provide
direct functional evidence that a majority of sSEPs are not of
somatic origin, but originate from a broad span of dendritic loca-
tions and undergo significant attenuation through their propaga-
tion across the neuronal arbor (Fig. 1 and Fig. S2), pointing to
compartmentalization of their spatial spread.

What receptors mediated these sSSEPs? Motivated by evidence
from the literature that SICs are mediated by NMDA receptors
(5-7), we recorded sSEPs in the presence of NMDAR antagonist
D,L-2-amino-5-phosphonovaleric acid (b, APV). Consistent with
the literature, we found that these sSEPs were significantly
suppressed by APV, in terms of both the amplitude and the
frequency of these events (Fig. S3), suggesting that they were
mediated by NMDARs. Next, we asked whether these sSEPs
were of astrocytic origin by recording neuronal sSEPs after
injecting the calcium chelator 1,2-Bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid (BAPTA) (30 mM) into a nearby as-
trocyte and allowing it to spread into the astrocytic syncytium for
~1 h (5, 8). Although such astrocytic calcium chelation elicited
complete blockade of sSEPs in one of eight neurons and there
was strong reduction in the frequency of events in the others, in
some neurons SSEP frequency in the presence of astrocytic
BAPTA was comparable to sSEPs recorded in the absence of
astrocytic BAPTA (Fig. S4). We noted that these results were
consistent with the literature on the suppression of spontaneous
SICs recorded after the infusion of BAPTA into the astrocytic

syncytium (5, 8).

Dendritic lon Channels Actively Compartmentalize the Impact of
Gliotransmission on Neurons. What mediates the attenuation, fil-
tering, and spatiotemporal compartmentalization of these den-
dritically originating sSEPs? Hippocampal neuronal dendrites
are endowed with a variety of VGICs, expressing with diverse
subcellular localization profiles, which mediate several intra-
neuronal functional maps that significantly contribute to neu-
ronal physiology and plasticity (11-14, 16, 17). Do these active
dendritic components play a role in regulating the strength, ki-
netics, and spread of the impact of gliotransmission on neurons?
To answer this, we assessed the role of two prominent VGICs
that are expressed at higher densities in the dendrites of these
neurons: the A-type K* (KA) and hyperpolarization-activated
cyclic-nucleotide—gated nonspecific-cation (HCN) channels. We
found that pharmacological blockade of KA channels, confined
to the neuron that was being recorded, resulted in a significant
increase in SSEP amplitudes at dendritic locations, but not at the
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Fig. 1. Spontaneous SEPs recorded at distal dendritic locations were larger in amplitude with faster kinetics than their perisomatic counterparts.
(A) Schematic of experimental design used to record sSEPs at various locations along the somato-apical trunk, also providing color codes for B-/. All data
presented in Figs. 1-7 were recorded at physiological temperatures, with synaptic transmission and AMPARs blocked with 1 pM TTX and 10 pM CNQX, re-
spectively. For all figures, N represents number of neurons, and n depicts number of SEPs. (B) Representative traces of sSEPs recorded at different locations
along the somato-apical trunk. (C) sSEP amplitude as a function of corresponding somato-apical recording location. (D) Normalized cumulative histograms of
sSEP amplitudes for different locations (data in C). D, Inset depicts a histogram of pooled sSEP amplitudes across all locations. (€ and F) Same as C and D, for
20-80% rise time of sSEPs. (G and H) Same as C and D, for full width at half maximum (FWHM) of sSEPs. (/) sSEP frequency for each neuron plotted as a
function of recording location. *P < 0.05, Mann-Whitney test. For C, E, and G, *P < 0.05, **P < 0.005, Student’s t test (Figs. S1-54).

soma (Fig. 2 A-D). However, there was no significant impact of  electrotonic distances observed after blockade of these channels
KA-channel blockade on the frequency, rise time, and width of ~ (17), implying efficient propagation and improved detectability
somatic or dendritic SSEPs (Fig. 2 E-G). In contrast, pharma-  of propagating SEPs (21, 22). Together, these observations
cological blockade of HCN channels, confined to the neuron that ~ demonstrate that KA and HCN channels critically regulate the
was being recorded, did not result in significant differences in  amplitude and kinetics of spontaneous SEPs, respectively, and
sSEP amplitudes (Fig. 3 A-D). This was despite the emergence  demonstrate that dendritic ion channels actively compartmen-
of 2 (of 27; Fig. 3C) sSEPs that resulted in putative dendritic  talize the impact of gliotransmission on neurons to generate
calcium spikes in the presence of HCN channel blockers. Im-  ocalized excitatory potentials.

portantly, blocking HCN channels resulted in significant in-

creases in the rise time, duration, and frequency of dendritic, but Infusion of Inositol Trisphosphate into Proximal or Distal Astrocytes
not somatic, sSEPs (Fig. 3 E-G). Whereas the KA-channel Enhanced the Occurrence and Amplitude of Neuronal SEPs. Although
regulation of SEP amplitudes is consistent with their fast kinetics ~ these observations provided direct evidence for a critical role for
and their ability to regulate synaptic potentials (16), the lack of a  active dendrites in regulating sSEP amplitudes and compart-
significant impact of HCN-channel blockade on SEP amplitudes  mentalizing their spread, a significant limitation was the lack of
is consistent with their slow time constants and similar observa-  evidence establishing astrocytic origin of these sSSEPs. To overcome
tions on synaptic potentials (17). The positive impact of HCN  this, we used a well-established technique of inducing targeted
channels on SEP frequency could be related to the reduced gliotransmitter release from astrocytes through direct infusion of
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D-myo-inositol 1,4,5-trisphosphate (InsP3), an endogenous ligand
that activated InsP; receptors on the endoplasmic reticulum,
coupled with paired recordings from a nearby neuron (28). We
found that infusion of 10 pM InsP; into visually identified
proximal astrocytes (<50 pm away from a patched neuron) sig-
nificantly increased the peak amplitude and frequency of InsPs-
induced SEPs (iiSEPs) in the neuron, compared with SEPs
recorded before astrocytic infusion of InsP; (Fig. 4 and Fig. S5).
This increase was specific to infusion of InsP; because iiSEP
amplitudes were significantly higher than sSEP amplitudes
recorded in the absence of paired astrocytic recording (Fig. S5)
and because large depolarizations of astrocytes in paired re-
cordings, in the absence of InsP; in the recording pipette, were
ineffective in introducing significant differences in recorded
SEPs (Fig. S6). Rise time and duration of iiSEPs were not sig-
nificantly different from their preinfusion conditions in the same
neuron (Fig. 4 E-G).

(25) (34)

G

C n=(35) (14)

SEP frequency (/min)
N

Fig. 2. A-type K* channels preferentially regulated
the amplitude of somatodendritic spontaneous SEPs.
(A) Schematic of experimental design used to record
sSEPs at various locations along the somato-apical
trunk with 20 pM 3,4-diamonopyridine (3,4-DAP) in
the recording pipette to block KA channels. (B) Rep-
resentative traces of somatic and dendritic sSEPs after
blocking KA channels. (C) sSEP amplitudes (cyan)
recorded at somatic and dendritic (distance from
soma for control, 153 + 5.74 pm; 3,4-DAP = 160 +
4.47 ym, meanz SEM; P = 0.36, Student’s t test) locations
with (3,4-DAP) and without (Control) KA-channel
blockade. *P < 0.05: Student's t test. Rectangles repre-
sent the mean values. (D-F) Normalized cumulative
histograms of sSEP amplitude (D), rise time (E), and
D FWHM (F) for different locations. P values are for Stu-

dent's t test. (G) sSEP frequency at somatic and dendritic
locations (median and quartiles) with (3,4-DAP) and
without (Control) KA-channel blockade.
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Are there differences in iiSEPs evoked through InsP; infusion
into proximal vs. distal astrocytes? As astrocytic processes are
well organized with extents of their influence limited to specific
regions of their arbor, we performed paired recordings where
distal astrocytes (located at around 240 pm along the apical
dendritic arbor) were paired with neuronal soma (Fig. 5). Con-
forming to our results with paired recordings involving proximal
astrocytes (Fig. 4), we found that InsP; infusion into distal as-
trocytes increased the amplitude and frequency of SEPs
recorded in the neuron (Fig. 5 C-G). However, the rise time
distribution of iiSEPs recorded after InsP; infusion into distal
astrocytes was significantly different from corresponding pre-
infusion distribution in the same neuron (Fig. 5H), consistent
with dendritic filtering (22) consequent to predominantly distal
origins of these iiSEPs. Concordantly, although the amplitudes
(Fig. 5 J and K) and frequencies (Fig. 5 L and M) of iiSEPs
recorded after InsP; infusion into proximal (Fig. 4) vs. distal
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kinetics of somatodendritic spontaneous SEPs.
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sSEPs at various locations along the somato-apical
trunk with 20 uM 4-Ethylphenylamino-1,2-dimethyl-
6-methylaminopyrimidinium chloride (ZD7288) in the
recording pipette to block HCN channels. (B) Repre-

Dend
sentative traces of somatic and dendritic sSEPs after
blocking HCN channels. (C) sSEP amplitudes (cyan)
recorded at somatic and dendritic (distance from soma
N= @) (6 (1)) for Control, 213.5 + 5.6 pm; ZD7288, 212 + 9.7 pm)

(mean + SEM; P = 0.9, Student'’s t test) locations with
* (ZD7288) and without (Control) HCN-channel block-

ade. C, Inset represents a dendritic calcium spike that
was induced by the sSEP and rectangles represent the
mean values. (D-F) Normalized cumulative histograms
of sSEP amplitude (D), rise time (E), and FWHM (F)
for different locations. P values are for Student’s t test.
(@) sSEP frequency at somatic and dendritic locations
(median and quartiles) with (ZD7288) and without
(Control) HCN-channel blockade. *P < 0.05, Mann-
Whitney test.
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astrocytes (Fig. 5 C-I) were not significantly different, the rise
time (Fig. 5N) and FWHM (Fig. 50) of iiSEPs recorded after
InsP; infusion into distal astrocytes were significantly higher
compared with those recorded after proximal infusion.

Together, these observations established that specific activa-
tion of an astrocyte through InsP; infusion significantly enhanced
the occurrence and amplitude of SEPs in nearby neurons, thereby
providing clear evidence for the astrocytic origin of SEPs. Im-
portantly, we show that iiSEPs recorded after InsP; infusion
into distal astrocytes exhibited significantly slower kinetics
compared with those recorded after proximal infusion. These
results unveil a direct link between the location of an activated
astrocyte and the point of origin of the associated SEP along
the somatodendritic axis, thereby further substantiating the
astrocytic origin of SEPs.

Blocking KA or HCN Channels Enhanced SEPs Induced by the Infusion
of InsP; into a Nearby Astrocyte. Given the specificity of this paired
recording process in delineating the astrocytic origin of SEPs, we
returned to our question on the role of neuronal VGICs in
regulating the impact of gliotransmission on neurons. Consistent
with our results on sSEPs (Figs. 2 and 3), we found that blocking
KA channels resulted in an increase in the amplitude of iiSEPs,
compared with iiSEPs recorded without KA-channel blockade,
without significantly altering their rise time or duration (Fig. 6
A-F). Additionally, blocking HCN channels resulted in signifi-
cant increases in the amplitude, rise time, and duration of iiSEPs
compared with the conditions where HCN-channel blockers
were absent (Fig. 6 G-L). There were some differences in our
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results from iiSEPs and sSEPs (e.g., HCN-channel regulation of
SEP amplitude or KA-channel regulation of SEP frequency),
which could partly be attributed to iiSEPs being larger than
sSEPs (Figs. S5, S7, and S8), leading to differential activation of
ionic conductances across the somatodendritic arbor. Together,
our results from dendritic recordings of spontaneous SEPs (Figs.
2 and 3) and paired neuron-astrocyte recordings of iiSEPs (Fig.
6) clearly demonstrate a critical role for dendritic ion channels in
regulating the strength, kinetics, and spread of the impact of
gliotransmission on neurons.

GluN2B- and GluN2D-Containing NMDARs Predominantly Mediate
Perisomatic and Dendritic SEPs. Previous studies in juvenile ro-
dents have demonstrated SICs to be mediated by GluN2B-
containing NMDARs (GluN2BR) (7, 27). However, receptor
localization studies in the adult CAl region have shown
GluN2BRs to express predominantly at perisomatic locations
(29). In the context of our observations that sSSEP amplitudes
were larger at dendritic locations (Fig. 1), this receptor locali-
zation profile constitutes a paradox. In an effort to resolve this,
and motivated by the presence of GluN2D-specific NMDARs
(GIuN2DR) in the CAl dendritic region (29), we assessed the
specific contributions of GluN2BR and GluN2DR to iiSEPs in
paired neuron-astrocyte recordings (Fig. 74). We found that
blocking GIuN2DR suppressed low-amplitude iiSEPs, whereas
blockade of GluN2BR suppressed high-amplitude iiSEPs (Fig. 7 B
and C and Fig. S9D). Consequently, whereas blocking of
GIuN2BR, but not GluN2DR alone, resulted in a significant re-
duction in the iiSEP amplitude (Fig. 7 D and E), blocking either
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receptor (independently or together) yielded significant reductions
in the iiSEP frequency (Fig. 7H). Together, and in conjunction with
previous results (7, 27, 29), these observations provide direct
functional evidence that GluN2BR and GluN2DR predominantly
mediate perisomatic and dendritic SEPs, respectively.

Computational Analyses Predicted an Increase in Extrasynaptic
NMDAR Density with Increasing Distance from the Soma. What dis-
tribution of NMDARSs would result in the emergence of an ob-
served intraneuronal map of SEP amplitudes (Fig. 1) along the
somato-apical trunk in the CAl pyramidal neurons (12)? To ad-
dress this and to quantitatively assess the role of active dendrites
in regulating SEPs, we constructed a morphologically and bio-
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physically realistic multicompartmental model of CA1 pyramidal
neurons with various active and passive parameters tuned to rep-
licate experimentally observed measurements along the somato-
apical trunk (Fig. 8 A-C and Fig. S10 A-C). We simulated SEPs by
incorporation and activation of biophysically realistic models of
GluN2B and GIuN2D receptors with their distributions set (Fig.
8B) according to previous observations (29). Upon performing
simulations in models where receptors were distributed with dif-
ferent somatodendritic gradients, we found that an increase in
GIluN2DR density with increasing distance from the soma was
essential to match the experimentally observed increase in the den-
dritic SEP amplitudes (Fig. 8E; compare Fig. 1 and Fig. S1E). Im-
portantly, providing quantitative credence to our earlier observations
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(Figs. 2, 3, and 6), removal of KA or HCN conductances from
the model resulted in similar impacts on SEP amplitude (Fig.
8E) and frequency (Fig. 8F), when identical receptors were ac-
tivated across the somatodendritic structure.

Computational Analyses Demonstrated a Critical Role for Dendritic
lon Channels in Compartmentalizing the Spread of SEPs. As the in-
trinsic (Fig. S10) and SEP properties (Fig. 8 D-F) were matched
in the model, we used our computational model to quantify the
spatial spread of individual SEPs in the presence and absence of
HCN and KA conductances. First, consistent with lower passive
attenuation of low-frequency signals (22), we found that SEPs
were not significantly attenuated in a passive dendritic structure
(Fig. 8G). This lack of attenuation in the passive structure was
consistent across all somatodendritic locations and was inferred
from the 394-pm average SEP spread for the passive structure
(Fig. 8H), which is close to the maximum spread of 425 pum
achievable by unattenuated SEPs. However, introduction of either
HCN or KA or both channels into the dendritic tree (with dis-
tributions specified in Fig. 8C) resulted in significant reductions in
the spatial spread of SEPs. These results provide further quanti-
tative evidence that the observed compartmentalization in SEP
spread (Fig. 1) was not due to passive attenuation, but was con-
sequent to an active role for dendritically expressed conductances.

Finally, all our experiments required delineating SEPs from
synaptic potentials through blockade of synaptic transmission
with TTX, which also implied the absence of somatodendritic
sodium channels. As experiments without TTX would imply
ambiguous results that involve synaptic potentials as well, we used
our computational model to assess the role of spike-generating
fast sodium (NaF) channels in the regulation of SEPs. Specifically,
we incorporated NaF conductances uniformly across the soma-
todendritic arbor (30) and activated identical receptors across the
somatodendritic structure to record the resultant SEPs across the
somatoapical trunk. Expectedly, the presence of NaF channels in
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the somatodendritic arbor increased the SEP amplitude across the
trunk, with large-amplitude SEPs resulting in dendritically initiated
spikes that rarely propagated to the soma toward the generation of a
somatic action potential (Fig. 8/ and Fig. S10 E and F). Additionally,
incorporation of 7-type calcium (CaT) channels into the model, with
its density increasing with distance from the soma (30), specifically
enhanced SEP amplitude at distal locations compared with their
proximal counterparts (Fig. S10F), when receptor distribution was
maintained identical to the baseline scenario. Further, incorporation
of both NaF and CaT conductances (with their respective somato-
dendritic distributions) synergistically increased the SEP amplitudes
beyond values recorded with their individual presence (Fig. S10F)
and resulted in more dendritically initiated spikes, with more num-
bers of them (compared with the absence of CaT channels; Fig. 8)
propagating to generate a somatic action potential (Fig. 8/).

Discussion

In this study, we unveil an important role for active dendrites in
regulating the impact of gliotransmission on neurons and dem-
onstrate that dendritically expressed ion channels actively regulate
the amplitude, kinetics, frequency, and spread of slow excitatory
potentials resulting from gliotransmission. We arrived at these
conclusions through systematic and direct mapping of somato-
dendritic voltage responses to gliotransmission and through the
use of pharmacological agents that were specifically applied only to
the neuron under consideration. Whereas this ensured that chan-
nels in other cells in the network were not affected, our paired
recording technique with specific infusion of InsP; into astrocytes
provided clear lines of evidence that SEPs were consequent to
gliotransmission. Importantly, our experiments involving InsP; in-
fusion into proximal vs. distal astrocytes established a vital link
between the location of an activated astrocyte and the point of
origin of the associated SEP along the neuronal somatodendritic
axis. In conjunction with our somatodendritic and dual recordings
of spontaneous SEPs, these results provide direct functional evidence
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for the dendritic origin of SEPs. Furthermore, our results unveil a
functional role for the slower GluN2D-containing NMDARSs in
mediating the impact of gliotransmission on neurons. Specifically,
using paired neuron-astrocyte recordings, we provide direct func-
tional evidence, consistent with previous immunolocalization studies,
that GIuN2B- and GluN2D-containing NMDARSs predominantly
mediate SEPs in the perisomatic and distal dendritic locations. Using
computational simulations to provide a quantitative corroboration of
our experimental observations, we demonstrated that dendritic ion
channels actively mediated spatiotemporal compartmentalization of
SEPs. Finally, based on these simulations, we argued that SEPs
could result in dendritic spikes and offered a testable prediction on a
distance-dependent increase in extrasynaptic NMDARs.

Implications for Active Dendritic Regulation of the Impact of
Gliotransmission. Our results provide experimental and quantita-
tive computational evidence pointing to a critical role for active
dendrites and their plasticity in structured compartmentalization
of SEPs, whereby their spatiotemporal influence is confined to
specific dendritic compartments (closer to the point of their
origin) without necessarily propagating to distal compartments
(including the soma). Such compartmentalization confers upon
neurons the ability to distinguish between the activations of
different astrocytes, thereby lending specificity to and enhancing
the information processing capacity of neuron—astrocyte inter-
actions. Additionally, spatially restricted events of such large
amplitudes mediated by NMDARs imply a significant calcium
influx into specific compartments, which could translate to lo-
calized plasticity in neuronal channels and receptors through
downstream signaling components (13, 18, 31).
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From a broader perspective, our demonstration of an active
role for dendritically expressed ion channels in regulating the
impact of gliotransmission calls for a marked rethink of the com-
plexities associated with neuron-glia communication. Specifically,
the numbers associated with dendritic ion channel subtypes, their
auxiliary subunits, their subcellular localization profiles, and their
local or global modulation through neuromodulatory substances or
activity-dependent plasticity are staggeringly combinatorial. This
additional layer of complexity introduced by the active role of
dendritic ion channels in regulating the dynamics of neuron—glia
signaling implies a manyfold increase in the complexity of neuronal
and network computation of afferent information. Given this en-
hanced complexity, and given that neuron—glia interactions and any
consequent plasticity would be localized to specific segments of the
dendritic arbor, it is essential that future studies use direct dendritic
recordings in studying neuron—glia signaling rather than focusing
only on somatic physiology. Although our focus for this study has
been limited to hippocampal pyramidal neurons and to two specific
ion channels, the implications of our conclusions extend to other
brain regions and dendritically expressed ion channels there. Given
the wide diversity of expression profiles and properties of ion chan-
nels, future studies could explore the specific roles of active dendrites
in regulating neuron—glia interactions in different brain regions.

Finally, and importantly, the amplitude and kinetics of several
SEPs strikingly resemble those of plateau potentials (large-amplitude,
long-duration depolarizations) recorded in these neurons under
in vivo and in vitro conditions (31, 32). Based on this resemblance,
we postulate that astrocytically originating SEPs form a substrate
for the spontaneous long-duration (hundreds of milliseconds)
large-amplitude plateau potentials that have been implicated in the
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Fig.8. Computational simulations replicated experimental findings when a somatodendritic gradient in NMDAR density was introduced and demonstrated a
critical role for active dendrites in compartmentalizing the impact of gliotransmission on neurons. (A-C) Neuronal morphology (A) and associated soma-
todenritic gradients in receptor permeability (B) and channel conductances (C) used in the computational model. Receptor permeability for a given location,
for any of the several trials, was chosen randomly from a uniform distribution that spanned the minimum and maximum values represented in this plot (C).
(D) Simulated SEP amplitudes in the absence of GIUN2B (-GIuN2B) and GIuN2D (-GIuN2D) receptors are plotted along with those in the presence of both
receptors (Baseline). (E) Simulated SEP amplitudes in the absence of HCN (-HCN) and KA (-KA) channels are plotted along with those in the presence of both
channels (Baseline). (F) Number of simulated SEPs (at ~260 pm from the soma) with amplitude >1 mV for experiments in E. (G) Normalized SEP amplitudes
recorded along the somatoapical trunk, with different channel combinations (Passive implies the absence of both HCN and KA channels), when the SEP was
elicited at a distance of 192 pym from the soma. (H) Area under the curve (AUC) for the SEP amplitudes recorded along the somatoapical trunk, under various
conditions depicted in the graph, when all of the 119 receptor locations were individually activated to get SEPs across the trunk. **P < 0.005, paired Student’s
t test. (/ and J) Somatic (brown) and corresponding dendritic (~220 pm from the soma, yellow) SEP amplitudes recorded when fast sodium channels (NaF) were
incorporated into the model without (/) or with (J) T-type calcium (CaT) channels. Black arrows depict localized dendritic spikes and the brown arrow depicts a

somatic action potential consequent to successful propagation of the corresponding dendritic spike (Fig. S10).

formation of place cells through localized plasticity (32). Specifi-
cally, behavioral regimes that lead to synchronous excitation of CA1
microcircuits could induce the release of gliotransmitters, which,
through the activation of extrasynaptic NMDARs, could result in
the emergence of spatiotemporally localized plateau potentials
resulting in localized neuronal plasticity. As processes of single as-
trocytes contact 300600 neuronal dendrites overseeing tens of
thousands of synapses (2), plateau potentials mediated by glio-
transmission form an ideal substrate for their postulated role in
binding of information streams (33). Together, we postulate that
dendritic SEPs of astrocytic origin constitute a putative cellular
mechanism that can integrate network activity with biophysical and
biochemical signal processing in a single neuron, thereby playing
critical roles in neural coding and homeostasis.

Materials and Methods

Detailed descriptions of the surgical, electrophysiological, data analysis, and
computational procedures used in this study are provided in S/ Materials and
Methods. Briefly, all surgical and electrophysiological procedures were similar to
established protocols (15, 34, 35) and were performed in strict compliance with
the protocols cleared by the Institute Animal Ethics Committee of the Indian In-
stitute of Science, Bangalore, India. All neuronal and astrocytic recordings were
performed under current-clamp configuration at physiological temperatures

E3288 | www.pnas.org/cgi/doi/10.1073/pnas.1522180113

(33-35 °Q) in 350-um middle near-horizontal hippocampal slices (Bregma,
—-6.5 mm to -5.1 mm) from 5- to 11-wk-old male Sprague-Dawley rats. All SEPs
were recorded at -70 mV. To characterize SEPs, only the events with >1 mV were
considered for the analysis. Peak SEP amplitude (e.g., Fig. 4D) refers to the en-
semble maximum among all SEPs recorded from the same neuron, during a
given period of recording (e.g., PRE vs. POST period in Fig. 4D). Statistical anal-
yses were performed using the R computing package (36) and are presented in
Dataset S1 (36). Computational modeling procedures were similar to pro-
cedures in ref. 26 and involved a biophysically realistic conductance-based
multicompartmental model that was constructed within the NEURON sim-
ulation environment (37), using a morphological reconstruction of a CA1
pyramidal neuron (n123) taken from the Neuromorpho.org database (38, 39).
Passive and active (five different ion channels: Na, KDR, KA, CaT, and HCN)
properties of the model neuron were set to match several somatodendritic
measurements from CA1 pyramidal neurons (15-17, 26, 30, 40-42). SEPs were
modeled by incorporation and activation of GIuN2D- and GIuN2B-containing
NMDA receptors (29, 43-46), with receptor location spanning the somatoapical
dendritic tree.
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S| Materials and Methods

Electrophysiological Recordings from Neurons and/or Astrocytes.
Ethical approval. All experiments were performed in strict com-
pliance with the protocols cleared by the Institute Animal Ethics
Committee of the Indian Institute of Science, Bangalore, India.
Surgery and brain slice preparation. Surgical and electrophysiological
procedures used in this study were similar to established protocols
(15, 34, 35). To elaborate, 5- to 11-wk-old male Sprague-Dawley
rats were anesthetized by intraperitoneal injection of a ket-
amine—xylazine mixture. After onset of deep anesthesia, assessed
by cessation of toe-pinch reflex, transcardial perfusion of ice-cold
cutting solution was performed, which contained 2.5 mM KCl,
1.25 mM NaH,PO,, 25 mM NaHCOs;, 0.5 mM CaCl,, 7 mM
MgCl,, 7 mM dextrose, 3 mM sodium pyruvate, and 200 mM
sucrose (pH 7.3, ~300 mOsm) saturated with 95% O, and 5%
CO, bubbling. Thereafter the brain was removed quickly and
350-pm-thick near horizontal slices were prepared from middle
hippocampi (Bregma, —-6.5 mm to —-5.1 mm), using a vibrating
blade microtome (Leica Vibratome), while submerged in ice-
cold cutting solution saturated with 95% O, and 5% CO,
bubbling. The slices were then incubated for 10 min at 34 °C in a
chamber containing the holding solution containing 125 mM
Nadl, 2.5 mM K(l, 1.25 mM NaH,PO,, 25 mM NaHCO3, 2 mM
CaCl,, 2 mM MgCl,, 10 mM dextrose (pH 7.3, ~300 mOsm)
saturated with 95% O, and 5% CO, bubbling. Thereafter the
slices were kept in a holding chamber at room temperature for at
least 45 min before the start of recordings.

Electrophysiology. For electrophysiological recordings, slices were
transferred to the recording chamber and continuously perfused
with artificial cerebrospinal fluid (ACSF/extracellular recording
solution) at a flow rate of 4 mL/min. All neuronal and astrocytic
recordings were performed under current-clamp configuration at
physiological temperatures (33-35 °C), achieved through an in-
line heater that was part of a closed-loop temperature control
system (Harvard Apparatus). The ACSF contained 125 mM NadCl,
3 mM KCl, 1.25 mM NaH,PQO,, 25 mM NaHCOs;, 2 mM CaCl,,
0 mM MgCl,, 10 mM dextrose (pH 7.3; ~300 mOsm) saturated
with 95% O, and 5% CO, bubbling. Slices were visualized under a
63x water immersion objective through a Dodt contrast microscope
(Carl Zeiss Axioexaminer). Whole-cell current-clamp recordings
were performed from visually identified CAl pyramidal neuron
somata and/or dendrites and/or astrocytes, using Dagan BVC-
700A amplifiers. Borosilicate glass electrodes with electrode tip
resistance between 4 MQ and 9 MQ were pulled (P-97 Flaming/
Brown micropipette puller; Sutter) from thick glass capillaries
(1.5-mm outer diameter and 0.86-mm inner diameter; Sutter) and
used for patch-clamp recordings. The pipette solution contained
120 mM K-gluconate, 20 mM KCl, 10 mM Hepes, 4 mM NaCl,
4 mM Mg-ATP, 0.3 mM Na-GTP, and 7 mM K,-phosphocreatine
(pH 7.3 adjusted with KOH, osmolarity ~300 mOsm). The ra-
tionale behind the use of current-clamp recordings was twofold:
(i) to directly assess the impact of dendritic VGICs on somato-
dendritic responses to gliotransmission, which would not be pos-
sible with voltage-clamp recordings, and (i) to avoid the well-
established errors in recorded data that are consequent to space-
clamp issues with voltage-clamp recordings (21, 47, 48). Addi-
tionally, in current-clamp recordings the somatodendritic voltages
evolve as a direct consequence of the activation of (and interac-
tions among) receptors, channels, and pumps, without an artificial
clamping of voltage, thereby recreating conditions that are condu-
cive to assessing the overall physiological impact of gliotransmission.

Ashhad and Narayanan www.pnas.org/cgi/content/short/1522180113

For paired astrocyte-neuron experiments, both the electrodes
were first positioned above the brain slice after a neuronal soma
and a nearby astrocyte were visually identified. The neuron was
patched first and the astrocyte was patched after baseline re-
sponses were recorded from the neuron (Fig. 44). The in-
tercellular distance between recorded astrocyte-neuron pairs
was 19.5 + 1.7 ym (mean + SEM, range 4-42 ym). A two-step
procedure of identifying and confirming recordings from astro-
cytes was used for these experiments. First, putative astrocytes
were visually identified by their small cell bodies (<10 pm di-
ameter). Occasionally primary branches were also seen origi-
nating from the cell body. Second, after patching such cells, their
identity was confirmed by their electrophysiological signatures:
hyperpolarized membrane potential at rest (usually between —79
to —75 mV) and the absence of any action potential in response
to a short pulse of large depolarizing current injection into the
cell (2 nA for 2 ms). This depolarizing current always produced
an action potential in all of the neurons tested. Additional
confirmation of patched astrocytes came from their low input
resistance of 1.9 + 0.3 MQ (mean + SEM, n = 7). All experi-
ments were completed within 2-3 h after slicing. During paired
recordings data acquisition consisted of four different epochs
(one pre- and three postastrocytic patches, Fig. 44). Each epoch
consisted of 11 consecutive trials of 20 s each.

For dual soma—-dendrite recordings, both somatic and den-
dritic electrodes were lowered to a visually identified somato-
dendritic pair. The soma was patched first with a glass electrode
with a resistance 4-7 MQ, immediately after which the corre-
sponding dendrite (around 200 pm on the apical trunk from the
soma) was patched with an electrode of resistance 6-10 MQ. The
pipette solution was identical for both electrodes and was
the same as that mentioned above. It was confirmed that both
electrodes were patched onto the same neuron by injecting
current pulses (depolarizing and hyperpolarizing) through one of
them and assessing voltage recordings obtained from both
electrodes. Spontaneous SEPs were then recorded through both
electrodes and saved for further analysis.

Acquisition of data for single, dual, and paired recordings was
performed using custom-written software in the Igor Pro envi-
ronment (Wavemetrics) with signals sampled at 10 kHz. All SEP
recordings were recorded at =70 mV in the neuron, through
hyperpolarizing current injection at the single electrodes or at
both electrodes (in dual recordings) patched onto the neurons.
Series resistance (Rg) was monitored continuously, by examining
the voltage response of the patched neurons to a hyperpolarizing
current injection of —150 pA, and was compensated online
throughout the course of the experiments. Experiments were
discarded only if there were temperature fluctuations or if Ry
reached >30 MQ for somatic or >40 MQ for dendritic record-
ings. For dual somatodendritic recordings, the cutoff for den-
dritic series resistance was relaxed to 45 MQ.

Pharmacology. To block all synaptic transmission and the contri-
bution of AMPA/kainate receptors to SEPs, a mixture of 10 pM
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 1 pM tetro-
dotoxin (TTX) was used in the extracellular recording solution
(Allied Scientific). At the beginning of each experiment, we in-
jected brief, large-amplitude (2 nA) depolarizing pulses to check
for cessation of action potential generation, thereby assessing
whether the blockade of Na* channels by TTX was complete.
Data recordings were started only after the cessation of action
potential generation. To block A-type K™ channels specifically in
the recorded neuron, without altering activity in other cells, 20 pM
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3,4-Diamonopyridine (3,4-DAP; Sigma) was incorporated in the
pipette solution used for neuronal patch-clamp recording (49).
Although 3,4-DAP blocks transient potassium channels (50), it is
known to block delayed rectifier potassium channels as well (49).
Similarly, to block HCN channels without altering network activity,
20 pM 4-Ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium
chloride (ZD7288; Tocris) was incorporated in the pipette so-
lution used for neuronal patch-clamp recording (15, 35).

To block N-methyl-p-aspartate (NMDA) receptors, 200 pM of
D,L-2-amino-5-phosphonovaleric acid (APV; Tocris) was added
to the extracellular recording solution. To specifically block only
GluN2B-containing NMDARs, 10 pM threo ifenprodil hemi-
tartarate (Tocris) was used in the extracellular recording solution,
and to specifically block GluN2C/D-containing NMDARs 10 uM
5-(4-Bromophenyl)-3-(1,2-dihydro-6-methyl-2-oxo-4-phenyl-3-qui-
nolinyl)-4,5-dihydro-g-oxo-1H-pyrazole-1-butanoic acid (DQP1105;
Tocris) was used in the extracellular recording solution. Al-
though only 80% of the target receptors are blocked at these
concentrations of threo ifenprodil and DQP1105 (51, 52), we
chose these concentrations to avoid nonspecific blockade of other
isoforms of NMDAR:s. To elicit release of gliotransmitters from the
astrocytes, 10 pM D-myo-inositol trisphosphate (Sigma-Aldrich) was
incorporated to the pipette solution used for patching astrocytes (28).

In experiments involving chelation of calcium from the astrocytic

syncytium, an astrocyte was patched with an intracellular solu-
tion containing 30 mM 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,
N'-tetraacetic acid tetrapotassium salt (tetrapotassium BAPTA;
Life technologies), 20 mM KCl, 10 mM Hepes, 4 mM NaCl,
4 mM Mg-ATP, 0.3 mM Na-GTP, and 7 mM K,-phosphocrea-
tine (pH 7.3 adjusted with KOH, osmolarity ~300 mOsm with
sucrose). A nearby neuron was patched 1 h after the astrocytic
patch was established, to allow for the spread of BAPTA through
the astrocytic syncytium, and spontaneous SEPs were recorded
from the neuron.
Data representation, analysis, and measurements. To characterize
SEPs, only the events with amplitude >1 mV were considered for
the analysis. SEP amplitude was calculated as the maximum
membrane potential deflection from rest. Peak SEP amplitude
(e.g., Fig. 4D) refers to the ensemble maximum among all SEPs
recorded from the same neuron, during a given period of re-
cording (e.g., PRE vs. POST period in Fig. 4D). Specifically, if
{41, Az, A, } formed a set of SEP amplitudes recorded from a
given cell during a given period, then the peak SEP would be
defined as the max{4;, 42, A, }. Rise time was defined as the
duration between 20% and 80% of the SEP amplitude during its
rising phase. The full-width at half-maximal (FWHM) amplitude
duration was defined as the duration for which the rising and
decay phase of SEP was above its half-maximal amplitude.
Frequency of SEPs was assessed as the ratio between the SEP
count and the recording duration.

Recordings to measure neuronal input resistance (R;,) and
resonance frequency (fg) were performed at -65 mV and were
similar to established procedures (15, 34). R, was computed by
measuring the deflection in the membrane voltage in response
—50 pA to +50 pA current injections (for 700 ms) with an in-
crement of 10 pA. Specifically, the steady-state voltage de-
flection was plotted against the injected current and R;, was
defined as the slope of the straight line fitted to this plot. To
measure fg, a sinusoidal current of constant amplitude and lin-
early increasing frequency from 0.5 Hz to 15 Hz in 15 s (chirp
stimulus) was injected into the neuron. The impedance ampli-
tude profile was computed by dividing the Fourier transform of
voltage response of the neuron to the chirp stimulus by the
Fourier transform of injected current (chirp stimulus). The fre-
quency at which this impedance amplitude profile reached its
maximum was defined as the fr.

All data analyses were performed using custom-written soft-
ware in Igor Pro (Wavemetrics), and statistical analyses were
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performed using the R computing package (36). To represent the
variability in the recorded data and to avoid misleading conclu-
sions by using mean or median (53), all recorded data points are
plotted (e.g., Fig. 1C) along with their distributions (e.g., Fig. 1D)
to enable accurate data representation. Additionally, whenever
data were statistically compared using a parametric test, pop-
ulation mean values are appended to the plots, whereas if data
were compared using a nonparametric test population, medians
are shown. In certain cases, the mean + SEM representation (for
data already presented in the main figures) is also provided as
part of the SI figures (e.g., Fig. S1 for Fig. 1). The specific sta-
tistical tests performed and their results (including the exact P
values) are tabulated in Dataset S1. Whereas SEP amplitudes,
rise times, and FWHM values were compared with ANOVA
followed by Student’s ¢ test, SEP frequencies (given lower sample
sizes) were compared using their nonparametric equivalents:
Kruskal-Wallis test followed by Mann—Whitney test.

Morphologically Realistic Conductance-Based Computational Models.
A biophysically realistic conductance-based multicompartmental
model was constructed using a morphological reconstruction of a
CA1 pyramidal neuron (n123) taken from the Neuromorpho.org
database (38, 39). Passive parameters were set as follows:
membrane capacitance, C,, = 1 pF/cm?; specific membrane re-
sistance (Ry,) and axial resistivity (R,) for various compartments
along the somato-apical trunk were functions of radial distance
of the compartment from the soma, x (15, 54-56),

( Rend _ Rsom)
4+—~2 a /

Ry(x) =RE™ +
1+exp (300 X)

Q.cm [S1]

(Rend _Rsom)
4~m m
1+exp <3OO x)

where R®™ = 125 kQ.cm? and R*"m = 120 Q.cm were values at
the soma, and Re" = 85 kQ.cm” and R =70 Q.cm were values
assigned to the “terminal end of the aplcal trunk (which was
~425 pm away from the soma for the reconstruction under con-
sideration). This was done to keep the passive local input re-
sistance (R;,) almost constant throughout the trunk (15). The
basal dendrites and the axonal compartments had somatic R,
and R,. The spatial compartmentalization of the model was done
using the d, rule (37), which ensures that each compartment is
smaller than 0.1 A;g9, where Aqqq is the space constant at 100 Hz
for the section under consideration. This yielded a total number
of 873 spatial compartments in the model.

Active properties. We incorporated five different types of voltage-
gated ion channels into the model, each modeled using the
Hodgkin-Huxley formulation: fast Na* (NaF), delayed rectifier
K* (KDR), 4-type K* (KA), hyperpolarization-activated cychc-
nucleotide-gated nonspecific-cation (HCN), and 7-type Ca**
(CaT) channels. In doing this, the densities and properties of
these channels were specified to account for experimental ob-
servations in the hippocampal CA1l pyramidal neurons (16, 17,
30, 41). Spec1f1cally, the NaF channel density (when present) was
uniform (16 mS/em?) across all somatodendritic compartments
(30) and was increased fivefold in the axon initial segment (57).
Axonal compartments other than the axonal initial segment were
considered passive. To account for slower recovery from in-
activation of dendritic Na* channels an extra inactivation gate
was added to model the channel kinetics for dendritic NaF
channels (40, 41). The KDR current density was uniform across
the somatodendritic axis (16), with the value set at 10 mS/cm?.
Channel kinetics and voltage dependence of KA channels were

Rin(x) =R°™ + kQ. cm?, [S2]
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different for the proximal (<100 pm from the soma) and distal
(>100 pm) compartments (16, 41). KA channel density increased
linearly (16, 41) as a function of radial distance of the com-
partments from the soma (Fig. 8C),

> som 8x
) =28 (14 ) S/em?, (53]

where gy 4 (x) was the maximal KA conductance at radial distance
x pm from the soma, and gi’a' was the maximal KA conductance
value at the soma with the default set as 3.1 mS/cm?. This gradient
was set such that the back-propagating action potential amplitude
at a trunk location ~300 pm from the soma was around 30 mV
(Fig. S10C) (16, 41, 42). The basal dendritic compartments had
the same density of A-type K* channels as that of the soma.

The density of HCN conductances followed a sigmoidal gradient
along the somatodendritic axis to account for experimentally ob-
served distance-dependent reduction in the input resistance and a
concurrent increase in the resonance frequency conferred by these
channels (Figs. S1G-H and S10B) (15). This gradient had the
functional form (Fig. 8C)

12
( 1+exp((320 —x) /50)) S em?, [S4]

where g, (x) was the maximal HCN conductance at radial dis-
tance x pm from the soma, and gi°™ was the maximal conduc-
tance value for HCN channel at the soma with a default value of
25 pS/cm?. The basal dendritic compartments had somatic g;,.
The half-maximal activation voltage of HCN channels also var-
ied along the somatodendritic axis (17). Specifically, in the soma,
in basal dendrites and in apical dendritic compartments located
at radial distance of <100 pm from the soma, the half-maximal
activation voltage was —82 mV. From 100 pm to 300 pm on the
apical dendritic region this voltage varied linearly from —82 mV
to 90 mV as function of radial distance of the dendritic com-
partment from the soma. Beyond 300 pm it was —-90 mV (15, 17).

The density of CaT channel conductance, when present, fol-
lowed an increasing gradient along the somatodendritic axis to
account for higher density of these channels in the distal dendritic
region (30). This gradient had the functional form

Som

&) =g,

15
1+ exp((350 —x)/50)

Sear) =g (14 )sfent.1ss)
where, gc,r(x) was the maximal CaT channel conductance at
radial distance x pm from the soma, and g} was the max1mal
conductance value at the soma with a default value of 50 pS/cm>.

GluN2D- and GluN2B-specific NMDA receptors. SEPs were modeled by
incorporation and activation of GluN2D- and GluN2B-contain-
ing NMDA receptors into the model. Specifically, the canonical
NMDAR current was modeled as a combination of three dif-
ferent ionic currents: namely Ca**, Na*, and K™ through these

receptors,
Invpa (v,1) = INtipa (Vs 1) + Iwpa (1) + Iiupa (1), [S6]
where
vF
5 yr? (INa; - [Na], exp(—7)
Riva (vs1) = PampaPra s (1) MgB (v )RT<
-oo( 6

[87]
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=PnmpaPx s(H)MgB(v) ——

INvpa (v: 1)

V2 ([K]i -[K], eXP(—E—?))
)

RT ;
1—exp(—i
[S8]
( _ 4yF2(Cal; — [Ca] exp(—35)
Ixtpa (v: 1) = PampaPeas (1) MgB(v) RT( ,
\ 1 —exp(—2£ )

[S9]

where Pappa is the maximum permeability of the NMDAR; and
Pc, = 10.6, Pna = 1, Pk = 1, owing to the permeability of the
NMDAR to different ions being Pc,:Pna:Px = 10.6:1:1 (58, 59).
Default concentrations of the three ionic species were [Na]; =
18 mM, [Na]o = 140 mM, [K]; = 140 mM, [K], =5 mM, [Ca]; =
100 x 10~ mM, [Ca], = 2 mM. This set the equilibrium potential
for Na* at +55 mV and that for K* at =90 mV. MgB(v) governs
the magnesium dependence of the NMDAR current. GluN1/
GluN2A and GluN1/GluN2B NMDAR have very similar half-
maximal inhibitory effect concentration (ICsy) for Mg>* (44).
Accordingly, MgB(v) for GluN2B-containing NMDAR current
was (45)

[S10]

-1
MgB(v) = (1 L Mg, exsrgo.%zv))

GluN1/GluN2D NMDAR has fivefold lower sensitivity for Mg2+
compared with the GluN1/GIuN2A heteromer (46). Accord-
ingly, the MgB(v) for these receptors was defined as

[S11]

[Mg], exp(—0.062v)\ "
3575

MgB(v)= (1 +

with the default value of [Mg], set at 2 mM. s(¢) governed the
kinetics of the NMDAR and had the functional form

s(t)=a (exp (— é) —exp (— Tt—r) ),

where a is a normalization constant, making sure that 0 <s(f) <
1,14 is the decay time constant, and z, is rise time, with 7, = 5 ms
for both GluN2B- and GIluN2D-specific NMDARs. 74 was set
to 280 ms and 1,660 ms for GIuN2B- and GluN2D-containing
NMDAR:s, respectively, based on experimental measurements
(43). The distribution of these receptors along the somato-api-
cal dendritic axis was based on the findings from immunohis-
tochemical experiments: GluN2B-containing NMDARs are
localized in the perisomatic regions of CA1 hippocampal neu-
rons (29, 60), whereas GluN2D-containing NMDARSs are ex-
pressed in apical and basal dendrites beyond the perisomatic
region (29). As a close approximation of these findings we in-
corporated GIuN2B-containing NMDARS in the perisomatic
compartments (<100 pm of radial distance from the soma)
and GluN2B-containing NMDARs in the dendritic compart-
ments located beyond 100 pm of radial distance from the
soma. For each GluN2B-containing NMDAR its maximal
permeability value (Pxmpa) Was assigned randomly from a
uniform distribution spanning 2.5 x 1078-2.5 x 107° cm/s
(Fig. 8B). GluN2D-containing NMDAR maximal permeability

[S12]
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(FNMDA) increased linearly as a function of radial distance from
the soma,

_ ~1
Pxupa () = Pavpa (10>< (x OO> + 1) cm/s,  [S13]

100

where Paypa (x) was the maximum permeability of a GluN2D-
containing NMDAR located in a dendritic compartment at a
radial distance of x pm from the soma. The value of Pxypa for
a given GluN2D-containing NMDAR was assigned randomly
from a uniform distribution within a range of 1.2 x 107% cm/s
and 1 x 107° cm/s (Fig. 8B). These permeability values and re-
ceptor density gradients were chosen to match experimentally
observed mean SEP amplitudes across the somatodendritic axis
(Figs. 1C and 8D and Fig. S1B).

To replicate our experimental protocol, extracellular [Mg>*]
was set to 0 and the resting membrane potential of the model
neuron was set to =70 mV. A total of 12 GluN2B-containing and
107 GluN2D-containing NMDAR synapses were inserted into
the model. These numbers correspond to the number of geo-
metric sections on the apical trunk and the apical obliques that
fell into the distance ranges specified above. One epoch of
stimulations involved 119 trials, corresponding to the activation
of receptors at each of the 119 compartments, with only one
receptor activated per trial. The peak voltage response of the
neuron to each activation trial was recorded at all locations along
the apical trunk as the SEP amplitude at that location. This
protocol was repeated for 10 epochs, each with different sets of
randomly chosen permeability values (with ranges mentioned as
above). The SEP amplitudes at each trunk location for the ac-
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tivation of each of the 119 trials in the 10 epochs were then used
to compute the mean and SEM of SEPs recorded at that location
(Fig. 8D).

To calculate the spread of SEPs, for each trial, we divided SEP
amplitudes along the somato-apical trunk by the maximal SEP
amplitude (across all locations along the somato-apical trunk) for
that trial and plotted it as a function of distance from the soma
(e.g., Fig. 8G). We defined the spread of this SEP as the area
under this normalized curve. A nonattenuated SEP would be at
unity across all locations, yielding a spread measure of ~425 pm,
the length of the trunk in the chosen morphology, and com-
partmentalization of the SEP would result in a reduction in this
spread in a manner that is reflective of the amount of attenua-
tion incurred by the SEP. We computed the spread for all 119
locations across all 10 epochs and used the population to com-
pute the average spread for a given channel combination (Fig.
8H). The calculation of SEP amplitude, frequency, and spread
was performed under different channel combinations to assess
the impact of channel expression on these measurements. In
doing this, the randomized pairs of permeability—location were
maintained for all 119 locations and 10 epochs, to enable direct
pairwise comparisons across different channel combinations.

All simulations were performed in the NEURON simulation
environment (37) with an integration time constant of 25 ps. The
simulation temperature was set to 34 °C and ion channel kinetics
were appropriately adjusted according to their experimentally
determined Q1 coefficients. Data analysis was performed using
custom-built software in the Igor Pro (Wavemetrics) program-
ming environment.
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Fig. S1. sSEPs and neuronal intrinsic properties exhibited location dependence along the somato-apical trunk. (A) Schematic of experimental setup with color
codes representing locations. (B and C) Input resistance (B) and resonance frequency (C) recorded at different locations along the somato-apical trunk in CA1
pyramidal neurons, consistent with previous reports of these measurements (15, 35). (D) Example traces of clustered sSEPs recorded at distal dendritic locations.
The incomplete Bottom Left trace with a rise time of 540 ms and a width of ~9.5 s was not included in the analyses. (E-H) sSEP amplitude (E), 20-80% rise time
(F), FWHM (G), and frequency (H), all represented as mean + SEM, plotted as functions of radial distance from the soma. These plots correspond to data
presented in Fig. 1 C, E, G, and |, respectively. N = number of neurons recorded; n = number of SEPs recorded.
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Fig. S2. The distribution of SEP amplitudes recorded simultaneously from somatic and dendritic locations was consistent with simulations where SEPs originated
across a large span of the somatodendritic arbor. (A) Schematic of experimental design used for simultaneous recording of sSEPs at the soma and apical dendritic
trunk ~200 pm (194.8 + 7.7 pm, mean + SEM; N = 6 simultaneous recordings; n = 62 sSEP pairs) away from the soma, also providing color codes for the other panels.
(B) Representative traces of temporally aligned spontaneous SEPs, recorded simultaneously at the soma and the dendrite. It should be noted that the dendritic SEP
amplitudes were similar, greater than or less than the somatic SEPs, a manifestation of multiple locations of origin of SEPs along the somatodendritic arbor. Arrow
shows a dendritic event consisting of multiple overriding SEPs, which resembles a single event at the soma when subjected to dendritic filtering. (C) Population data
of dendritic (Vgeng) and somatic (Vsoma) SEP amplitudes obtained from the simultaneous somatic and dendritic recordings. Solid rectangles correspond to population
mean values. (D) Distribution (median and quartiles) of the ratio of simultaneously recorded Vgenq t0 Vioma from the population data shown in C (Experiments). This
distribution of voltage ratios was compared with a corresponding distribution from simulations (Simulations; outcomes from Fig. 8 and Fig. $10), showing the ratio
between the SEP amplitude at an apical trunk location at 200 pm (to match with experiments) and the corresponding SEP amplitude at the soma. This ratio was
computed from simulations (10 epochs) where the receptor (point of origin of the SEP) was randomly located at one of the apical dendritic compartments within
250 pm of radial distance from the soma. To match with experimental analyses, SEPs whose dendritic or somatic amplitudes were greater than 1 mV were retained,
leaving the total SEPs at 680. Despite the dendritic origins of these simulated events (mostly in thin obliques, which occupy most of the surface area in CA1 pyramidal
neurons), and despite the higher density of dendritic NMDARs in these simulations (Fig. 8), a majority of events (63.2%) recorded in simulations had their dendritic
SEP amplitude lower than that of their somatic counterparts, which matched with experimental observations where a majority of events (72.6%) had their Vgend/
Vioma less than 1. Importantly, the distribution of the ratio of Vgend/Vsoma from the simulated events was not significantly different from the Vyend/Vioma ratio dis-
tribution obtained from experiments (Wilcoxon's rank sum test, P = 0.56), suggesting that the SEPs originated from a broad span of the dendritic tree. Finally, although
our simulations did not include SEPs with basal dendritic origin, in experiments, SEPs could have originated from basal dendrites with events that have Vgend/Vsoma l€ss
than 1 (as recordings were performed from the apical trunk). (E) Population data of FWHM of dendritic and somatic SEPs obtained from the simultaneous somatic and
dendritic recordings. Solid rectangles correspond to population mean values. (F) Population data of 20-80% rise time of dendritic (Tgenq) @and somatic (Tsoma) SEPs
obtained from the simultaneous somatic and dendritic recordings. Solid rectangles correspond to population mean values. (G) Normalized cumulative histogram of
the difference in the 20-80% rise times of dendritic and somatic spontaneous SEPs recorded simultaneously at both locations. Owing to random somatodendritic
origins of SEPs, the difference (Tgend — Taend) followed a distribution where 37.5% of dendritically recorded SEPs were faster than the somatically recorded SEPs, with
the rest assuming an opposite sign. (H and /) Somatic and dendritic SEP amplitudes (H) and rise times (/) were not significantly different from corresponding
spontaneous values presented in Fig. 1. (/) Somatic and dendritic FWHM values were comparable to corresponding spontaneous values presented in Fig. 1. For H-J,
data from soma and 200-pm spontaneous SEPs from Fig. 1 were respectively compared with somatic and dendritic events (>1 mV) under simultaneous somato-
dendritic recordings. Single, spontaneous SEPs recorded from individual somatic or dendritic recordings, presented in Fig. 1; Dual, spontaneous SEPs recorded under
the simultaneous somatodendritic recording configuration. Rectangles represent population means. The frequency of sSEPs from Fig. 1 was also not significantly
different from that of their counterparts recorded under the simultaneous somatic and dendritic recording configuration (Wilcoxon's rank sum test, P = 0.42).
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Fig. S3. Spontaneous SEPs were mediated by NMDA receptors. (A) Schematic of experimental design used to assess the impact of blocking NMDA receptors on
somatic sSEPs. The protocol and extracellular/intracellular solutions were similar to somatic recordings in Fig. 1 in all aspects, except for the application of
200 pM p,L APV to the extracellular bath solution. (B—-E) Amplitude (B), 20-80% rise time (C), FWHM (D), and frequency of sSEPs (E), recorded in the presence
(red) and absence (black) of 200 uM APV. For A-C solid rectangles represent the mean values, and P values correspond to Student’s t test. For D solid rectangles
represent the median frequency values, and P value corresponds to Wilcoxon’s rank sum test. Note that the blockade of sSEPs was complete in one of the six

cells recorded with 200 pM APV, where there was no sSEP during the recording period.
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Fig. S4. Infusion of BAPTA in astrocytes suppressed the frequency of spontaneous SEPs. (A) Schematic representation of experimental design. Whereas
spontaneous SEP recordings (SPONT) were obtained without any paired astrocytic recordings, SEPs with astrocytic BAPTA (BAPTA) were recorded 1 h after
patching a nearby astrocyte with 30 mM tetrapotassium BAPTA. The protocol and extracellular/intracellular solutions were similar to somatic recordings in Fig.
1. (B-E) Amplitude (B), 20-80% rise time (C), FWHM (D), and frequency of sSEPs (E), recorded after the infusion of astrocytic BAPTA (red) or under baseline
conditions (black). For A-C solid rectangles represent the mean values, and P values correspond to Student’s t test. For D solid rectangles represent the median
values, and P value corresponds to Wilcoxon’s rank sum test. Note that the blockade of sSEPs was complete in one of the eight cells recorded with astrocytic
BAPTA infusion, where there was no sSEP during the recording period.
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Fig. S5. Infusion of InsP3 into astrocytes resulted in an increase in SEP amplitude and frequency. (A) Schematic of the experimental design for paired as-
trocyte-neuron recordings with 10 pM InsPs in the astrocytic recording pipette. (B) SEP frequency recorded before (PRE) and in three consecutive epochs of
~4 min (POST1, POST2, and POST3) after infusion of 10 pM InsP3 into a nearby astrocyte. (C) Normalized SEP frequencies for the data presented in B. It should
be noted that the POST SEP frequency peaked at different recording epochs in different neurons, and the peak SEP frequency was always higher than the PRE
SEP frequency. For B and C, sticks connect frequencies of the same neuron. (D) Schematic representation of experimental design. Whereas spontaneous SEP
recordings (SPONT) were obtained without any paired astrocytic recordings, SEPs with astrocytic InsP3 were recorded after (POST) patching a nearby astrocyte
with 10 pM p-myo-InsPs in the recording pipette. SPONT data were derived from spontaneous somatic recordings presented in Fig. 1, and POST data were
derived from POST recordings shown in Fig. 4. (E-/) Amplitude (E), 20-80% rise time (F), FWHM duration (G), frequency (H), and peak frequency (/) of
spontaneous and astrocytic InsP3-induced SEP recorded at the soma. Data are presented as mean + SEM, and P values correspond to Student's t test.
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Fig. S6. Depolarization of astrocytes did not result in significant changes in either amplitude or frequency of neuronal SEPs. (A) Schematic representation of
the experimental design using astrocyte—neuron paired recordings to test the role of astrocytic depolarization in eliciting SEPs in nearby neurons. Astrocytes
were recorded in current-clamp mode and were repeatedly depolarized by large current injections (to take the membrane potential beyond 0 mV) for 5-8 s.
Neuronal SEPs were recorded during the periods before (PRE) and after (POST) current injections. (B) Representative trace of membrane potential in an as-
trocyte after current injection for 5 s. (C) Normalized cumulative histograms for the SEPs before (black) and after (red) astrocytic depolarization. PRE n = 81,
POST n = 156. (D) SEP frequency before and after astrocytic depolarization recorded from five astrocyte-neuron pairs. For D solid rectangles represent the
mean values. For these experiments the extracellular bath solution contained 125 mM Nacl, 3 mM KCl, 1.25 mM NaH,PO,4, 25 mM NaHCOs3, 2 mM CaCl,, 0 mM
MgCl,, 10 mM dextrose (pH 7.3; 300 mOsm) with 1 uM TTX to block synaptic transmission. These results suggest that astrocytic voltage-gated calcium channels
do not play a significant role in regulating SEPs in brain slices of adult rats.
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Fig. S7. A-type K* channels regulated slow excitatory potentials induced by infusing p-myo-inositol trisphosphate into a nearby astrocyte. (A) Schematic
depicting experimental design associated with data presented in this figure. Two sets of experiments (same as Fig. 6), one with and the other without 20 pM
3,4-DAP (A-type K* channel blocker) in the recording pipette, were performed. Color codes for each dataset are shown and are the same for B-K. (B) Rep-
resentative trace of a high-amplitude long-duration SEP when A-type K* channels were blocked. This trace was recorded after infusion of InsPs into a nearby
astrocyte. (C) Normalized cumulative histogram of SEP amplitude before (PRE) and after (POST) infusion of InsP; into a nearby astrocyte, after A-type K*
channels were blocked with 3,4-DAP. (D and E) SEP peak amplitude (D; mean + SEM) and normalized cumulative histogram of amplitudes of all recorded SEPs
(E) plotted for cases where A-type K* channels were present (Control) or blocked (3,4-DAP), after infusion of InsPs into a nearby astrocyte. (F) Normalized
cumulative histogram of SEP 20-80% rise time, with the experimental configuration described in C. (G) Normalized cumulative histogram of SEP 20-80% rise
time, with the experimental configuration described in E. (H) Normalized cumulative histogram of SEP FWHM duration, with the experimental configuration
the same as in C. (/) Normalized cumulative histogram of FWHM, with the experimental configuration the same as in E. (J and K) SEP frequency (J) and peak SEP
frequency (K) before (PRE) and after (POST) infusion of InsPs into a nearby astrocyte, after A-type K* channels were blocked with 3,4-DAP. For J and K solid
rectangles represent the mean values. The data represented in E, G, and / are the same as in Fig. 6 C, D, and E, respectively. For K, P values correspond to a
Mann-Whitney test.
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Fig. S8. Hyperpolarization-activated cyclic-nucleotide—gated nonspecific cationic (HCN) channels regulated slow excitatory potentials induced by infusing
p-myo-inositol trisphosphate into a nearby astrocyte. (A) Schematic depicting experimental design associated with data presented in this figure. Two sets of
experiments (same as Fig. 6), one with and the other without 20 uM ZD7288 (HCN channel blocker) in the recording pipette, were performed. Color codes for
each dataset are shown and are the same for B-K. (B) Representative trace of a high-amplitude long-duration SEP when HCN channels were blocked. This trace
was recorded after infusion of InsP3 into a nearby astrocyte. (C) Normalized cumulative histogram of SEP amplitude before (PRE) and after (POST) infusion of
InsP3 into a nearby astrocyte, after HCN channels were blocked with ZD7288. (D and E) SEP peak amplitude (D; mean + SEM) and normalized cumulative
histogram of amplitudes of all recorded SEPs (E) plotted for cases where HCN channels were present (Control) or blocked (ZD7288), after infusion of InsPs into a
nearby astrocyte. (F) Normalized cumulative histogram of SEP 20-80% rise time, with the experimental configuration described in C. (G) Normalized cumu-
lative histogram of SEP 20-80% rise time, with the experimental configuration described in E. (H) Normalized cumulative histogram of SEP FWHM duration,
with the experimental configuration the same as in C. (/) Normalized cumulative histogram of FWHM, with the experimental configuration the same as in E.
(J and K) SEP frequency (J) and peak SEP frequency (K) before (PRE) and after (POST) infusion of InsP5 into a nearby astrocyte, after HCN channels were blocked
with ZD7288. For J and K solid rectangles represent the mean values .The data shown in E, G, and / are the same as in Fig. 6 /, J, and K, respectively. P values
correspond to Student’s t test (H and /) and a paired Mann-Whitney test (J and K).
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Fig. S9. Different NMDA receptor (NMDAR) subtypes contribute to astrocytically originating SEPs in CA1 pyramidal neurons. Schematics depicting experi-
mental design associated with data presented in this figure are the same as same as in Fig. 7. (A-C) Normalized cumulative histograms of SEP amplitude before
(PRE) and after (POST) infusion of InsPs into a nearby astrocyte when 10 M DQP1105 (A; DQP), or 10 uM threo ifenprodil (B; IFN), or both DQP and IFN (C; IFDQ)
were added to the extracellular bath solution. (D) Normalized histogram showing the percentage of SEPs in different amplitude ranges under control con-
ditions (Control) and with bath application of either 10 M DQP1105 (DQP) or 10 uM threo ifenprodil (IFN) or both (IFDQ). The data shown are from Fig. 7C.
(E-G) SEP frequency before (PRE) and after (POST) infusion of InsP3 into a nearby astrocyte, after different NMDAR subtypes were blocked with DQP1105
(E), or threo ifenprodil (F), or both (G). Solid rectangles represent population medians. (H-J) Same as A-C, but for 20-80% rise time of SEP. For C and J,

P values are for Student'’s t test.
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Fig. S10. The presence of fast sodium and/or transient calcium channels increased SEP amplitude in a biophysically and morphologically realistic model.
Experimentally observed somatodendritic maps of input resistance (A), resonance frequency (B), and back-propagating action potentials (C) were replicated in
the model. For A-C, model fits are shown in blue, whereas colored markers (color coded with reference to distances shown in Fig. S1A) represent corresponding
electrophysiological data from Fig. S1B for A, from Fig. S1C for B, and from ref. 15 (also depicted in ref. 26) for C. Apart from bAP amplitude (C), R, and fg
model fits shown here are also consistent with corresponding electrophysiological data from ref. 15 (also depicted in ref. 26). (D) Traces of simulated SEPs
recorded at soma and along the apical dendritic trunk (at specified locations) when either GIuN2B- or GIluN2D-containing NMDARs were activated at different
locations along the apical tree. Permeabilities of receptors in these simulations were set to the maximal permeability value at their respective location given by
Fig. 8B. (E) Traces of SEP-induced dendritic spikes, recorded at the radial distance of 220 pm from the soma, in the presence of spiking conductances in the
model. E, Left shows an example of a spike that actively propagates to elicit a somatic action potential. E, Right exemplifies a nonpropagating dendritic spike.
The locations of receptors whose activation resulted in these dendritic spikes are also indicated. (F) Amplitudes of simulated SEPs under baseline conditions
(Fig. 8), with fast sodium channels incorporated into the model (+NaF), with T-type calcium channels (+CaT) incorporated into the model, and with both NaF
and CaT channels incorporated (+NaF +CaT).
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Active dendrites regulate gliotransmission impact

Active dendrites regulate the impact of gliotransmission on rat hippocampal
pyramidal neurons

Sufyan Ashhad and Rishikesh Narayanan

DATASET: Figure-wise statistical analyses on data reported in this study

Figure Test used n Descriptive stats used p value
Number
1C One-way ANOVA 61,26,37,26 and 79 events recorded Independent data points ANOVA 2.6x10°°
Followed by unpaired | from 5, 6,5(out of 7), 6(out of 9) and 6 for unpaired #-test *
t-test between groups (out of 8) neurons respectively p<0.05, for ** p<0.005
1E One-way ANOVA 61,26,37,26 and 72 events recorded Independent data points ANOVA, p=1.2x10"°
followed by unpaired #- | from 5, 6,5(out of 7), 6(out of 9) and 6 for unpaired #-test *
test between groups (out of 8) neurons respectively p<0.05, for ** p<0.005
1G One-way ANOVA 56,24,37,19 and 59 events recorded Independent data points ANOVA, p=1.2x10"
Followed by unpaired | from 5, 6,5(out of 7), 6(out of 9) and 6 for unpaired #-test *
t-test between groups (out of 8) neurons respectively p<0.05, for ** p<0.005
2C Unpaired t-test 35, 13, 25 and 34 events recorded from | Independent data points *p=0.008 for dend
9, 7,7 and 5 neurons respectively with mean amplitudes
Soma: 2.3 (control), 3.58
(3,4-DAP)
Dend: 1.47 (control), 1.92
(3,4-DAP)
2D Unpaired t-test 35, 13, 25 and 34 events recorded from | Normalized cumulative p=0.19 (soma) and
9, 7, 7 and 5 neurons respectively histograms 0.008 (dend)
2E Unpaired t-test 23,13, 25 and 34 events recorded from | Normalized cumulative p=0.49 (soma) and 0.67
9, 7, 7 and 5 neurons respectively histograms (dend)
2F Unpaired t-test 28, 14, 25 and 27 events recorded from | Normalized cumulative p=0.47 (soma) and
9, 7, 7 and 5 neurons respectively histograms 0.37 (dend)
2G Mann-Whitney test SEP frequency recorded in 9,7,7,and 5 | Median and quartile plots | p=0.26 (soma)

neurons, all from different brain slices

plots with medians as 0.82,
0.27,0.09 and 0.27

and 0.41 (dend)
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3C Unpaired t-test 34,14,73 and 277 events recorded from | Independent data points p=0.67 (soma) and 0.107
9, 6, 11 and 5 neurons respectively with mean amplitudes (dend)
Soma: 2.3 (control), 2.797
(ZD7288)
Dend: 3.518 (control),
2.486 (ZD7288)
3D Unpaired t-test 34,14,73 and 277 events recorded from | Normalized cumulative p=0.67 (soma) and 0.19
9, 6, 11 and 5 neurons respectively histogram (dend)
3E Unpaired t-test 23,12,71 and 277 events recorded from | Normalized cumulative p=0.45 (soma) and
9, 6, 11 and 5 neurons respectively histogram 2.8x10"" (dend)
3F Unpaired t-test 28,25,57 and 209 events recorded from | Normalized cumulative p=0.42 (soma) and
9, 6, 11 and 5 neurons respectively histogram 7x10° (dend)
3G Mann-Whitney-test 9,6 11 and 5 neurons , All from Median and quartile plots | p= 0.09 (soma) and
different brain sclices 0.0064 (dend)
4D Paired #-test From 9, pairs (PRE and POST InsP; Mean £+SEM p=0.014
infusion into astrocyte) from 9 3.39+ 1.06 (PRE) Vs
astrocyte-neuron paired recordings 9.89+ 1.57 (POST)
4E Unpaired z-test 35 (PRE) and 696(POST) events from 9 | Normalized cumulative p=0.92
astrocyte-neuron paired recordings histogram
4F Unpaired z-test 35 (PRE) and 693(POST) events from 9 | Normalized cumulative p=0.238
astrocyte-neuron paired recordings histogram
4G Unpaired z-test 28 (PRE) and 143(POST) events from 8 | Normalized cumulative p=0.75
astrocyte-neuron paired recordings histogram
4H Paired Mann-Whitney | 9 PRE and 9 POST events from 9 independent data points p=0.054
test astrocyte-neuron paired recordings and median 0.818 (PRE)
and 1.81 (POST)
41 Paired Mann-Whitney | 9 PRE and 9 POST events from 9 Independent data points p=0.0039
test astrocyte-neuron paired recordings and median 0.818 (PRE)

and 2.459 (POST)
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5C Unpaired z-test 43 (PRE) and 314 (POST) events from | Independent data points p=2.6x10"
7 neuron-astrocyte paired recordings and mean 1.44 (PRE) and
2.14 (POST)
5D Paired #-test From 7, pairs (PRE and POST InsP; Mean £+SEM p=0.07
infusion into distal astrocyte) from 7 1.93516+ 0.809056 (PRE)
astrocyte-neuron paired recordings Vs 8.41427+ 2.63463
(POST)
S5E Paired Mann-Whitney | 7 PRE and 7 POST events from 7 Independent data points p=0.156
test astrocyte-neuron paired recordings and median 0.545554
(PRE) and 2.59138
(POST)
SF Paired Mann-Whitney | 7 PRE and 7 POST events from 7 Independent data points p=0.078
test astrocyte-neuron paired recordings and median 0.545554
(PRE) and 2.72777
(POST)
5G Same as Figure 5C Data same as Figure 5C Normalized cumulative p=2.6x10"
histogram
SH Unpaired z-test 43 (PRE) and 314 (POST) events from | Normalized cumulative p=3.3x10"°
7 astrocyte-neuron paired recordings histogram
51 Unpaired z-test 43 (PRE) and 296 (POST) events from | Normalized cumulative p=0.5
7 neuron-astrocyte paired recordings histogram
5] Unpaired #-test 696 (PROX) and 314 (DIST) events Independent data points, p=0.16
recorded post infusion of InsP; infusion, | and mean: PROX=2.13,
into proximal and distal astrocytes DIST=2.33
respectively, for paired astrocyte-neuron
recordings
5K Unpaired Mann- 9 (PROX) and 7 (DIST) events from 9 | Independent data points p=0.54
Whitney test and 7 neurons respectively along with median values
8.75397 (PROX),
6.89438 (DIST)
5L Unpaired Mann- 9 and 7 events from 9 and 7 neurons Independent data points p=1
Whitney test respectively and median: PROX=1.81,

DIST=2.59
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M Unpaired Mann- 9 and 7 events from 9 and 7 neurons Independent data points p=0.95
Whitney test respectively and median: PROX=2.46,
DIST=2.72
Unpaired z-test 696 (PROX) and 314 (DIST) events Independent data points p=3.6 x10-6
5N recorded post infusion of InsP; infusion, | and mean: PROX= 23.39,
into proximal and distal astrocytes DIST=31.66
respectively, for paired astrocyte-neuron
recordings
50 Unpaired z-test 143 (PROX) and 296 (DIST) events Independent data points p=0.034
recorded post infusion of InsP; infusion, | and mean: PROX=102.16,
into proximal and distal astrocytes DIST=140.26
respectively, for paired astrocyte-neuron
recordings
6C Unpaired z-test 696 (Control) and 62 (3,4-DAP) events | Independent data points p=0.0087
from 9 and 7 neuron-astrocyte paired plotted and mean 2.338
recordings respectively (control), 4.576 (3,4DAP)
6D Unpaired z-test 693 (Control) and 60 (3,4-DAP) events | Independent data points p=0.36
from 9 and 7 neuron-astrocyte paired plotted and mean 23.3934
recordings respectively (control) and 21.7986
(3,4-DAP)
6E Unpaired z-test 143 (control) and 50 (3,4-DAP) events | Independent data points p=0.1803

from 8 (control) and 7 (3,4-DAP)
neuron-astrocyte paired recordings
respectively

plotted
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6F Unpaired Mann- 9 (control) and 7 (DAP) from 9 and 7 Independent data points p=0.022
Whitney test paired neuron -astrocyte recordings along with median values
1.81 (control) and
0.600109 (3,4-DAP
61 Unpaired z-test 696 (Control) and 154 (ZD) events from | Independent data points p=0.007
9 (control) and 5 (ZD) neuron-astrocyte | and mean 2.338 (control),
paired recordings respectively 3.38423 (ZD7288)
6J Unpaired z-test 693 (Control) and 154 (ZD) events from | Independent data points p=14x10"°
9 (control) and 5 (ZD) neuron-astrocyte | and mean mean 23.3934
paired recordings respectively (control) and 39.6235
(ZD7288)
6K Unpaired z-test 143 (control) and 114 (ZD) from 8 Independent data points p=0.0015
(control) and 5 (ZD) neuron-astrocyte
paired recordings respectively
6L Unpaired z-test 9 (control) and 5 (ZD) from 9 and 5 Independent data points p=0.89
paired neuron-astrocyte recordings and median values 1.81
respectively (control) 2.45459
(ZD7288)
7C One-way ANOVA 696,71,63 and 38 events from 9,7,6 and | Independent data points for ANOVA p=0.003
followed by unpaired #- | 7 paired neuron-astrocyte recordings along with respective for t-test
test respectively mean values 2.33829 * p<0.05,
(control) 3.05299 **p<0.005
(DQP) 1.85166 (IFN)
2.42265 (IFNDQ)
7D One-way ANOVA 9,7,6,and 7 events from 9,7,6 and 7 Mean+SEM ANOVA p=0.053

followed by unpaired #- | paired neuron-astrocyte recordings 9.8£1.5 (control), 9.2+£2.9 | for ¢-test
test respectively (DQP), 5.1£1.3 (IFN), * p<0.05,
3.2+1.1 (IFNDQ) **p<0.005
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7F One-way ANOVA 693,71,63 and 38 events from 9,7,6 and | Normalized cumulative ANOVA p=0.02
followed by unpaired #- | 7 paired neuron-astrocyte recordings histogram for #-test
test respectively * p<0.05,
**p<0.005
7G One-way ANOVA 143,55,53 and 33 events from 9,7,6 and | Normalized cumulative ANOVA p=0.13
7 paired neuron-astrocyte recordings histograms
respectively
7H Kruskal-Wallis 9,7,6,and 7 events from 9,7,6 and 7 Independent data points KW p=0.0197
followed by unpaired | paired neuron-astrocyte recordings along with respective for Mann-Whitney
Mann-Whitney test respectively median values * p<0.05,
1.81 (control) 0.272727 **p<0.005
(DQP) 0.681818 (IFN)
0.363636 (IFNDQ)
8F Unpaired z-test 10 (control), 10 (-HCN and 10 (-KA) Mean+SEM p=0.0012 (-HCN) and
events from 10 epochs of simulation 72.5 £ 1.5 (Baseline), 79.3 | 8x10 "' (-KA)
+0.47 (-HCN) and 103.9
+ 0.72(-KA)
8H One-way ANOVA 119 each for Control, -HCN, —-KA, Mean + SEM: ANOVA: 2x10°'°
followed by paired Passive groups. t-test:
Student’s #-test Baseline: 198 £ 1.8 Baseline vs. -KA:
~HCN: 213 £ 1.9 1x10>*
—-KA:262+23 Baseline vs. ~-HCN:
Passive: 394 + 1.8 5x107"
Baseline vs. -KA-HCN:
Ix107 114
~KA vs. -HCN: 2x10
—KA vs. Passive: 2x10~"*
—HCN vs. Passive:
3x10°116
S2C Paired Student’s #-test | 62 pairs values from simultaneous Independent data points p=0.036

somato-dendritic recordings from 6
neurons

with along with mean
values: 2.14796 (dend)
2.60818 (soma)
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S2D Unpaired Mann- Ratio of 680 (simulation) and 62 Median and quartile plots | p=0.56
Whitney test (experiments) events
S2E Paired Student’s ¢-test | 62 pairs values from simultaneous Independent datapoints p=0.1165
somato-dendritic recordings from 6 along with mean values
neurons 36.91 (dend)
33.26 (soma)
S2F Paired Student’s ¢-test | 62 pairs values from simultaneous Independent datapoints p=0.012s
somato-dendritic recordings from 6 along with mean values
neurons 127.346 (dend)
138.645 (soma)
S2H Student’s #-test 62 and 51 events for soma and 26 and Independent data points p=0.223 for somayic and
38 events for dendrite ,respectively, for | with population mean 0.278 for dendritic
the recording conditions indicated in the | values comparison, respectively
figure Soma (single) 1.88527 mV
soma (dual) 2.96063 mV
dend(single) 4.66306 mV
dend (dual)2.97887 mV
S21 Student’s #-test 62 and 51 events for soma and 26 and Independent data points p=0.768 for somayic and

38 events for dendrite, respectively, for
the recording conditions indicated in the
figure

with population mean
values

Soma (single) 34.9781 ms
soma (dual) 32.9322 ms
dend(single) 28.9617 ms
dend (dual) 39.7725 ms

0.294 for dendritic
comparison, respectively
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S27J Student’s #-test 39 and 48 events for soma and 19 and Independent data points p=0.046 for somayic and
36 events for dendrite, respectively, for | with population mean 0.78 for dendritic
the recording conditions indicated in the | values comparison, respectively
figure Soma (single) 92.7143 ms

soma (dual) 172.1 ms
dend(single) 125.009 ms
dend (dual) 143.967 ms

S3B Unpaired z-test 61 (SPONT) and 34 (APV) recorded Independent data points p=0.005
from 5 and 6 neurons respectively along with mean values

1.88528 (SPONT)
1.37775 (APV)

S3C Unpaired #-test 61 (SPONT) and 34 (APV) recorded Independent data points p=0.0002

from 5 and 6 neurons respectively along with mean values
34.9781 (SPONT)
15.5187 (APV)
S3D Unpaired z-test 39 (SPONT) and 31 (APV) recorded Independent data points p=0.98
from 5 and 6 neurons respectively along with mean values
92.7143 (SPONT),
92.4494 (APV)
S3E Unpaired Mann- 5 (SPONT) and 6 (APV) neurons Independent data points p=0.0497
Whitney test along with median values
2.31819(SPONT),
0.636375 (APV)
S4B Unpaired z-test 61 (SPONT) and 53 (BAPTA) recorded | Independent data points p=0.3
from 5 and 6 neurons respectively along with mean values
1.88528 (SPONT)
1.69667 (BAPTA)
S4 C Unpaired z-test 61 (SPONT) and 53 (BAPTA) recorded | Independent data points p=0.04

from 5 and 6 neurons respectively

along with mean values
34.9781 (SPONT)
23.9353 (BAPTA)
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S4D Unpaired z-test 39 (SPONT) and 49 (BAPTA) recorded | Independent data points p=0.9
from 5 and 6 neurons respectively along with mean values
92.7143 (SPONT),
91.7285 (BAPTA)
S4 E Unpaired Mann- 5 (SPONT) and 7 (BAPTA) neurons Independent data points p=0.07
Whitney test along with median values
2.31819(SPONT),
0.545465 (BAPTA)
S5 E Unpaired z-test 61(SPONT) and 696 (POST) events Mean = SEM p=0.007
from 5 and 9 neurons resprctively 1.88527+0.15 (SPONT)
and 2.34+0.064(POST)
respectively
S5F Unpaired z-test 61(SPONT) and 693 (POST) events Mean = SEM p=0.0172
from 5 and 9 neurons respectively 34.98+4.69 (SPONT) and
23.39+0.62 (POST)
S5G Unpaired z-test 39 (Spont) and 143 (Post) events from 5 | Mean + SEM p=0.49
and 9 neurons respectively 92.7+ 11.6 (spont) and
102.1 +7.1 (post)
SSH Unpaired Mann- 5 and 9 neurons Mean + SEM p=0.79
Whitney test 2.5+£0.76 (SPONT)
9.3+7.5 (POST)
S51 Unpaired Mann- 5 and 9 neurons Mean +SEM p=1
Whitney test 2.9+0.9 (SPONT)
14.7£11.9 (POST)
S6 C Unpaired z-test 81 (PRE) and 158 (POST) events from | Normalized cumulative p=0.29
5 neurons histogram
S6 D Paired Mann-Whitney | 5 (PRE) and 5 (POST) neurons Independent data points p=0.4375

test
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S7D Unpaired z-test 9 (Control) and 7 (DAP) events from 9 | Mean + SEM p=0.14
and 7 neurons respectively 9.8£1.5 (PRE)
17.544.4(POST)
S7F Unpaired z-test 13(PRE) and 60(POST) events from 7 Normalized cumulative p=0.34
neurons histogram
S7TH Unpaired z-test 13 (pre) and 50 (post) events from 7 Normalized cumulative p=0.71
neurons histogram
S717 Paired Mann-Whitney | 7 events from 7 neurons Independent data points p=0.38
test along with median values
0.272777 (PRE)
0.600109 (POST)
S7K Paired Mann-Whitney | 7 events from 7 neurons Independent data points p=0.03
test along with median values
0.272777 (PRE)
1.0929 (POST)
S8 C Unpaired z-test 14 (prelnsPs) and 154 (post InsP3) Normalized cumulative p=0.6
events from 5 neurons histogram
S8 D Unpaired z-test 9 (control) and 5(ZD7288) events from | Mean +SEM p=0.17
9 and 5 neurons respectively 9.8+1.5
18.4+5.07
S8 F Unpaired z-test 12 (prelnsPs3) and 154(post InsP3) Normalized cumulative p=0.063
events from 5 neurons histogram
S8 H Unpaired z-test 25 (pre) and 114(post) events from 5 Normalized cumulative p=0.014
neurons histogram
S81J Paired Mann-Whitney | 5 events (pre and Post) from 5 neurons | Independent data points p=0.0625

test

along with median values
0.272728 (PRE),
2.45459 (POST)
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S8 K Paired Mann-Whitney | 5 events (pre and Post) from 5 neurons | Independent data points p=0.0625
test along with median values
0.272728 (PRE) 3.27332
(POST)
S9 A Unpaired z-test 29 (PRE) and 71 (Post) events from 7 Normalized cumulative p=0.65
neurons histogram
S9B Unpaired z-test 10 (Pre) and 63(Post) events fr Normalized cumulative p=0.58
om 6 neurons histogram
S9C Unpaired z-test 10 (Pre) and 38(Post) events from 7 Normalized cumulative p=0.0004
neurons histogram
SOE Paired Mann-Whitney | 7 pre and 7 post events from 7 neurons | Independent data points p=0.94
test along with respective
median values
0.727405 (PRE)
0.272727 (POST)
SOF Paired Mann-Whitney | 6 pre and 6 post events from 7 neurons | Independent data points p=0.4375
test along with respective
median values
0.545554 (PRE)
0.681818 (POST)
S9G Paired Mann-Whitney | 7 pre and 7 post events from 7 neurons | Independent data points p=0.8339
test along with respective
median values
0 (PRE)
0.363636 (POST)
SOH Unpaired z-test 27 (pre) and 71 (post) events from 7 Normalized cumulative p=0.97
neurons histogram
S91 Unpaired z-test 10 (pre) and 63 (post) events from 6 Normalized cumulative p=0.37
neurons histogram
S91J Unpaired z-test 10 (Pre) and 38(Post) events from 7 Normalized cumulative p=0.048

neurons

histogram
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